ABSTRACT. Adrenal medullary cells are derived from the neural crest. To study the formation process of the adrenal medulla in the embryonic period, we visualized chromaffin cells of rat embryos at 13 to 17 days of gestation using anti-tyrosine hydroxylase (TH) an tiserum, and created three-dimensional images from serial tissue sections. Between 13 and 15 days of gestation, TH-positive cells (chromaffin cells) migrated from a group of TH-positive cells present dorsal to the adrenal primordium via the medial cranial end of the adr enal primordium into the adrenal primordium. At or after 16 days of gestation, the adrenal capsule was formed except on the ventral aspect of the cranial end of the adrenal gland, from which TH-positive cells penetrated into the adrenal gland. The reconstructed images showed that TH-positive cells were present contiguously from the sympathetic chain ganglia through a group of TH-positive cells ventral to the adrenal gland into the adrenal cortex, and that the group of TH-positive cells ventral to the adrenal gland communicated with the preaortic ganglion present ventral and caudal to the adrenal gland. These results suggest that neural crest cells use the same pathway to migrate to the sympathetic chain ganglia dorsal to the adrenal gland, to the adrenal gland, and to the preaortic ganglion. KEY WORDS: adrenal medulla, migration, neural crest cell.
The mammalian adrenal gland consists of a cortex and a medulla. The medulla is present in the central part of the adrenal gland. Since the adrenal medullary cells have an affinity for chromium salts, they are called chromaffin cells, and synthesize and secrete the catecholamines adrenaline, noradrenaline, and enkephalin.
The adrenocortical cells are derived from the mesoderm that develops in the dorsal wall of the abdominal cavity, whereas the adrenal medullary chromaffin cells are ectoderm-derived cells migrating from the neural crest [10] . Expression of thyrosine hydroxylase(TH), the rate-limiting enzyme of catecholamine synthesis, is first detectable in sympathetic precursors when neural crest cells begin to aggregate to form sympathetic ganglia [4, 5, 11, 12] . In adrenomedullary system, TH-immunoreactive precursor cells undergo a secondary migration from the sympathetic chain into forming adrenal gland. The precursor cells continue to express TH-immunoreactive during migration and subsequently in the adrenal gland [3, 7, 13] .
Ahonen [1] suggested that some neural crest cells continue migration from the chain ganglia to the lateral sides of the aorta, where they form the perirenal ganglia and adrenal medulla, and finally to the ventral side of the aorta to form the preaortic sympathetic tissue. However, that report only showed the several transverse sections of the fetal trunk for the a demonstration of the migration route of neural crest cells. In this study, using three-dimensional reconstructed images, we aimed to observe how TH-labeled chromaffin cells penetrate into the adrenal anlage to form the adrenal medulla and whether the migration route of TH-positive cells from the adrenal connects the preaortic sympathetic ganglia.
MATERIALS AND METHODS

Animals:
Wistar rats were kept in a semi-barrier animal facility under light-dark cycles of 12:12 hr at a temperature of 22 ± 2°C and humidity of 45% to 65%. The animals were fed pellets (Labo MR Breeder, Nihon Nosan, Japan) and water ad libitum. Male and female rats were housed together at night. The day when the presence of sperm was confirmed on vaginal smear was defined as gestation day 0, and an embryo on gestation day 0 was regarded as having a gestational age of 0 days.
Immunohistochemistry: At 1:00 p.m. between 13 and 17 days of gestation, mother rats were bled by decapitation, and the fetuses were taken out rapidly and, after removal of the head and chest, fixed in Bouin's solution, dehydrated in alcohol, and embedded in paraffin to prepare 5 µm-thick serial sections. Six fetuses from three mothers were used per each gestational day. To identify chromaffin cells under a light microscope, serial sections were stained by the ABC method using a 1:2,000 dilution of anti-TH antiserum (INCSTAR Corp., U.S.A.) as a primary antibody and biotinylated mouse IgG (Funakoshi Co., Ltd., Japan) as a secondary antibody, followed by hematoxylin counterstaining.
Three-dimensional reconstructed method: Images of all the serial stained sections were digitized by a KODAK DC40 digital camera (Kodak Japan Ltd.) attached to an OLYMPUS BX50 light microscope (Olympus, Japan), and input into Photo Enhancer image-processing software (Kodak Japan Ltd.) in a Power Macintosh (Apple Japan, Inc.) to make slides. These slides were input into Adobe Photoshop 5.0 image-editing software (Adobe Systems, The Netherlands), and chiefly edited as follows: (1) all data were standardized to 800 × 800 pixels, (2) directions as well as positions were fitted to one another, and unnecessary portions were deleted, (3) color images were turned into gray scale images to input them into volume-rendering software, (4) densities were equalized, and (5) since no capsule was formed around the adrenal primordium between 13 and 15 days of gestation, the densities of TH-positive cells in the adrenal primordium were reduced, and, at 16 and 17 days of gestation, the densities of TH-positive cells were raised to visualize them. The data thus edited were input into Voxel/ View volume-rendering software (Vital Image Inc., U.S.A.) to generate three-dimensional images. To prevent the shift of z-axis, the position of the notochord and the inner space of spinal cord were used to fit z-coordination. Figure 1A shows the three-dimensional reconstructed images at 17 days of gestation observed from the ventral, right oblique, cranial direction. The spinal cord, dorsal artery, and liver as well as the cross section of the kidney were observed. When the image in Fig. 1A was processed to enhance the contour of the adrenal gland and the TH-positive cells, the TH-positive cells (black) became visible outside the contour (gray) of the adrenal gland and in the adrenal cortex (Fig. 1B) . Since the adrenal capsule was formed at 16 and 17 days of gestation, and the boundary between the adrenal gland and the surrounding tissue became well defined, we were able to delete the structures other than the adrenal gland and TH-positive cells (Fig. 1C) .
RESULTS
Thirteen days of gestation: The adrenal cortical primordium consists of a small group of cells located in the dorsal wall on both sides of the dorsal artery, and was poorly demarcated from the surrounding tissue ( Figs. 2A, 2B ). THpositive cells penetrating from behind the adrenocortical primordium into the adrenal gland were observed (Fig. 2B) . The three-dimensional reconstructed images generated from these tissue sections showed that a small group of TH-positive cells representing an apparent sympathetic ganglion was present behind the TH-positive cells (gray dots) that had penetrated into the adrenal gland (Fig. 3A) .
Fourteen days of gestation: The adrenal cortical primordium was slightly enlarged, and TH-positive cells were present in a group dorsal to the adrenal gland, in the adrenal primordium, and in a line connecting the adrenal primordium and the dorsal group of TH-positive cells (Fig. 2C) . The three-dimensional reconstructed images showed that a group of TH-positive cells representing apparent the sympathetic chain ganglia was present in the long axis direction behind the intraadrenal TH-positive cells (Fig. 3B) .
Fifteen days of gestation: The adrenal primordium enlarged rapidly, and TH-positive cells were scattered throughout the adrenal primordium, but tended to be abundant in the dorsal part of the adrenal gland (Fig. 2D) . THpositive cells formed a group toward the center of the dorsal part of the adrenal gland, and were present also in a line connecting this group and the medial end of the adrenal primordium. Capsule covering the adrenal primordium was formed yet. Three-dimensional images showed that THpositive cells aggregated cranial to caudal to the adrenal gland (Fig. 3C) . Dorsal to the TH-positive cells present in the adrenal gland, TH-positive cells formed the sympathetic chain ganglia (Fig. 3C, arrow) . Caudal to the intraadrenal group of TH-positive cells, a group of cells was present.
Sixteen days of gestation: The adrenal gland had dramatically grown (Fig. 4A) . Head-to-tail sequential observation of serial sections showed that, at 16 days of gestation, a small group of TH-positive cells was recognizable as a sympathetic ganglion surrounded by a perineurium, and some of the ganglion cells were TH-positive. In the vicinity of the ventral medial part of the adrenal gland, a group of TH-positive cells was present, and, between these TH-positive cells and the intraadrenal TH-positive cells, TH-positive cells were present. Unlike around the sympathetic ganglion, no perineurium-like structures were observed around the group of TH-positive cells in the vicinity of the ventral medial part of the adrenal gland. The more caudal the tissue section, the more nerve fibers were seen to connect the sympathetic ganglion and the group of TH-positive cells. As the cranial end of the kidney began to be visible ventral to the adrenal cortex, a distance separated the group of TH-positive cells and the adrenal gland, resulting in loss of continuity with the TH-positive cells in the adrenal cortex. More caudally, the left and right groups of TH-positive cells joined to form a group, that is, the preaortic ganglion. A capsule began to form around the adrenal gland (Fig. 4A) , making the contour of the adrenal gland well defined. However, no capsule was formed in the ventral medial part of the adrenal gland, and blood vessels penetrated into the adrenal cortex from this site. Three-dimensional images observed from the right upper oblique and ventral median directions demonstrated that the TH-positive cells in and ventral to the adrenal cortex were contiguous with the extraaderenal group of TH-positive cells (Figs. 5A , 5B). We found that two extraaderenal groups of TH-positive cells were present: one connecting with the sympathetic chain ganglia dorsal to the adrenal gland, and the other contiguous with the preaortic ganglion ventral and caudal to the adrenal gland.
Seventeen days of gestation:
The cross section at 17 days of gestation was larger than that at 16 days of gestation. As at 16 days of gestation, TH-positive cells were present in the adrenal cortex, the sympathetic chain ganglia (Fig. 4B) , and preaortic ganglion. Also, a large group of TH-positive cells was present in the vicinity of the medial part of the adrenal gland. As at 16 days of gestation, no capsule was formed in the ventral medial part of the adrenal gland. TH-positive cells were present also in the sympathetic ganglion caudal to the adrenal gland.
The three-dimensional reconstructed images viewed from the right upper oblique and ventral median directions clearly showed that the adrenal gland was increased in volume, and that a large group of TH-positive cells around the adrenal gland in the vicinity of the ventral medial part of the adrenal gland was contiguous with the TH-positive cells in the adrenal cortex (Figs. 5C, 5D) . However, the continuity of the extraaderenal group of TH-positive cells with the sympathetic chain ganglia was scarcer than that at 16 days of gestation, and the line of TH-positive cells connecting with the caudally located preaortic ganglion was also weaker (Figs.  5C, 5D ). As at 17 days of gestation, TH-positive cells were also seen in the preaortic ganglion, which was outside the site of the tissue section used for stereo imaging and is therefore not shown in the reconstructed image.
DISCUSSION
According to Kent and Row [8] , neural crest-derived chromaffin cells are present between the dorsal root ganglia and the medial pole of the adrenocortical primordium in 12-day-old rat embryos, and are seen in the central part of the adrenal cortex singly or in small groups at 13 days of gestation. Chromaffin cells themselves aggregating in the center of the adrenal medulla by 16.5 days (corresponding to 16 days in this study) of gestation are said to become enlarged. Also, the group of cells grows and assumes the morphology of the adrenal medulla. Neural crest cells have been reported to migrate into sympathetic ganglia and the adrenal cortex, and almost completely convert to chromaffin cells by 19 days of gestation, forming the adrenal medulla [2] . Since TH used in this study as an indicator of chromaffin cells (adrenal medullary cells) is an enzyme involved in the early stage of the synthetic pathway of adrenaline and noradrenaline, the TH-positive cells observed in this study may include not only chromaffin cells but also sympathetic ganglion cells and SIF cells [6] with catecholamine-containing granules. However, it has been suggested that, in an in vitro experimental system, neural crest-derived adrenergic precursors convert to chromaffin cells under the action of steroid hormone when they penetrate into the adrenal gland via sympathetic ganglia [2] ; therefore, the TH-positive cells observed in the adrenal gland in this study presumably represent chromaffin cells. Reconstructed images showed that the apparent site of penetration of the adrenal primordium by TH-positive cells was at the dorsal medial part of the adrenal cortical primordium at 13 to 15 days of gestation, but it had moved to the ventral medial part at 16 and 17 days. Kent and Rowe [2] reported that the apparent site of penetration of the adrenal cortex by TH-positive cells had no capsule, and that chromaffin cells present in this break in the adrenal capsule of 18-day-old rat embryos would extend into the cortex. This study also showed that a capsule was first formed around the adrenal gland at 16 days of gestation, and that TH-positive cells penetrated into the adrenal gland from the ventral medial part of the adrenal gland where the capsule was undeveloped. In other words, the break in the capsule at the ventral medial part of the adrenal gland is the doorway to blood vessels and nerves including TH-positive cells, apparently corresponding to the hilum of other organs.
At 13 days of gestation, only a small group of TH-positive cells was present dorsal to the intraadrenal TH-positive cells. However, at 14 days of gestation, a long, narrow group of TH-positive cells was seen extending in the direction of the long axis of the embryo, indicating that the lumbar sympathetic ganglia are formed in rat embryos at 14 days of gestation. At 15 days of gestation, the development of the sympathetic chain ganglia was more pronounced. The reconstructed images at 16 and 17 days of gestation suggest that TH-positive cells that have migrated from the sympathetic chain ganglia into the adrenal gland pass the vicinity of the ventral medial part of the adrenal gland, and migrate toward the preaortic ganglion. It was previously thought that when neural crest-derived cells migrated via the sympathetic chain ganglia into the adrenal gland or preaortic ganglion, they took different pathways to the respective des- tinations at the time of passage through the ganglia of the sympathetic trunk [9] . However, the reconstructed images in this study showed that the pathway of neural crestderived cells from the ganglia of the sympathetic trunk to the adrenal medulla overlapped with the pathway to the preaortic ganglion. We speculate that neural crest cells use the same pathway to migrate to the ganglia of the sympathetic trunk, to the adrenal gland, and to the preaortic ganglion, this conclusion is good agreement of the suggestion by Ahoren [1] . The finding that the line of TH-positive cells toward the adrenal gland almost disappeared at 17 days of gestation in the reconstructed image suggests that the migration of neural crest-derived cells to the adrenal gland is complete by the 17 days of gestation, after which the formation of the adrenal medulla is completed by cell division in the adrenal gland.
